Abbreviation Key: Cys = cysteine; Cyss = cystine; DTT = dithiothreitol; GSH = reduced glutathione; GSSG = oxidized glutathione; IAA = iodoacetic acid; PCA = perchloric acid.
INTRODUCTION
Glutathione (g-glutamyl-cysteinyl-glycine, reduced GSH), an ubiquitous thiol antioxidant, plays many vital roles in cell metabolism including detoxification, protection against oxidative stress, and in redox balance (Griffith and Meister, 1979; Larsson et al., 1983; Ziegler, 1985; Beutler, 1989; Märtensson et al., 1993) . The liver synthesizes GSH from constituent amino acids, e.g., cysteine and glutamate, and exports GSH into the general circulation (Anderson et al., 1980; Wang et al., 1997) . Lauterburg et al. (1984) demonstrated that 90% of plasma GSH is derived from hepatic sinusoidal efflux, and is a good indicator of hepatic GSH status. Glutathione also serves as a storage and delivery system of cysteine (Tateishi et al., 1977; Griffith and Meister, 1979; Cho et al., 1981; Meister et al., 1986) , which, in turn is the rate-limiting amino acid for GSH synthesis (Meister, 1984) .
Plasma cysteine levels depend on the rates of dietary intake, cysteine release from GSH following catalysis by the membrane-associated ectoenzyme g-glutamyl transpeptidase (Garcia and Stipanuk, 1992) , and hepatic conversion of methionine to cysteine by the cystathionine pathway (Beatty and Reed, 1980) . Tissues rich in gglutamyl transpeptidase, such as kidney, lung, and intestines, are responsible for GSH degradation and transport of GSH from plasma into cells. Plasma cysteine increases in response to elevations in plasma GSH (Aebi et al., 1991; Hiramatsu et al., 1994; Fukagawa et al., 1996) indicating that a high endogenous cysteine flux occurs following the action of g-glutamyl transpeptidase on GSH Meister, 1979, 1985) .
Glutathione and cysteine (Cys) in plasma are present in either a free acid-soluble reduced form, in an oxidized form, or as a protein-bound mixed disulfide. The presence of aminothiol binding sites on plasma proteins that preferentially interact with the cysteinyl moiety of reduced thiols have been demonstrated Benevenga, 1982, 1984; Wiley et al., 1988) . In mammals, 50 to 70% of plasma GSH in mammals is bound to proteins, whereas only 23% of Cys is protein-bound (Lash and Jones, 1985; Deneke and Fanburg, 1989) . Distribution patterns of free and protein-bound GSH and related sulfhydryls in avian plasma have not been characterized, however.
In recent studies in broilers (Enkvetchakul et al., 1993; Enkvetchakul and Bottje, 1995; Wang, 1997) , age-related increases in hepatic GSH were observed that could influence plasma GSH levels (Lauterburg et al., 1984) . To our knowledge, no study has previously reported changes in the transport pattern of GSH and Cys in the blood circulation in avian species. We have recently demonstrated that the avian liver extracts cysteine from hepatic portal blood and exports GSH into hepatic venous blood . The present study was conducted to extend these findings by determining how these compounds are transported in plasma. Thus, specific objectives were to determine concentrations and percentages of free and protein-bound pools of GSH and Cys and cystine (Cyss), and how these plasma pools change during the starter period (0 to 21 d) in broilers.
MATERIALS AND METHODS

Animals and Diet
Commercial broiler males (Cobb 500) were obtained from a local hatchery. 3 Chicks were brooded in battery cages with water and a commercial starter diet (Table 1) were provided for ad libitum intake throughout the study. The diet was formulated to meet or exceed all the minimum NRC (1995) recommendations.
Protocol
Four chicks randomly selected on Day 0 (hatch), 3, 7, 14, and 21 had average body weights of 44 ± 2, 73 ± 2, 149 ± 3, 370 ± 5, and 756 ± 25 g, respectively. A blood sample (1.5 mL), obtained from each bird by heart puncture, was drawn into a syringe containing serine borate buffer (100 mM) to block g-glutamyl transpeptidase activity, sodium heparin (200 units/mL) to prevent blood clotting, bathophenanthroline disulfonic acid (BPDS, 3.7 mM) to chelate the interfering metal ions, and iodoacetic acid (IAA, 21.5 mM) to block thiol autoxidation. The blood was centrifuged for 5 min at 12,000 × g, and plasma was stored at -70 C. The red blood cells were then resuspended in 0.85% heparin saline equivalent to that of plasma. The remaining blood was then utilized for GSH analysis (discussed below).
Chemical Analysis
All plasma samples were prepared for analysis according to methods reported by Jones et al. (1995) with slight modifications. Briefly, plasma samples (200 mL) were treated with an equal volume of the reducing agent, dithiothreitol (DTT, in 0.85% saline), or saline alone for 1 h at room temperature. As there were no differences in concentrations of GSH and cysteine in plasma treated with DTT between 5 and 20 mM (data not shown), results are presented for 0 and 5 mM DTT (final concentration) treatment in vitro. Perchloric acid (10% PCA, 400 mL) was added to samples to precipitate proteins followed by vortexing and centrifugation at 12,000 × g for 1 min. The resulting supernatant (600 mL) was treated with 10 mL gglutamyl glutamic acid (internal standard) and 120 mL IAA (40 mM). The pH was adjusted to 8.0 with a potassium buffer solution (1 M, 400 mL), followed by 600 mL dansyl chloride (20 mg/mL acetone) to derivatize the amino groups of the peptides of interest. After a 24 h incubation period in darkness at 25 C, chloroform was added to remove unreacted dansyl chloride. Following centrifugation at 850 × g for 20 min, 100 mL of supernatant was utilized for quantitative analysis by HPLC.
Reduced (GSH), oxidized (GSSG) glutathione, cysteine (Cys) and cystine (Cyss) in the supernatant of deproteinized plasma samples were measured by the reverse-phase HPLC 4 methods of Jones et al. (1995) , using a 3-aminopropyl Spherisorb, 4.6 × 200 mm, 5-mm column. 5 The emission and excitation wavelengths for sample detection were 355 and 515 nm, respectively. The peptides were identified and quantified by comparison to the retention times, peak heights and areas, respectively, of authentic standards. Extraction efficiency of the peptides was based on the theoretical response of the internal standard. All chemicals were obtained from Sigma Chemical Co. 6
TABLE 2. Concentrations (nmol/mL) of reduced glutathione (GSH) (A), oxidized glutathione (GSSG) (B), total GSH (tGSH) (C), protein-bound GSH (D), percentage free (E) and percentage protein-bound (F) GSH in plasma obtained from broilers (0 to 21 d) treated with 0 or 5 mM dithiothreitol (DTT) 1
a-d Means within the same column with no common superscript differ significantly (P < 0.05). 1 Each value represents the mean ± SEM (n = 4).
*Means of 5 mM DTT treatments differ significantly from 0 mM DTT (P < 0.05). 
Statistical Analysis
Comparisons between 0 and 5 mM DTT treatment means were made by multiple t test, and age means were separated by one-way analysis of variance. Statistical analysis was accomplished using General Linear Models procedure of SAS ® software (SAS Institute, 1996) . A probability level of P ≤ 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
The current study provided insight into dynamic changes of plasma free, bound, and oxidized pools of GSH and its rate-limiting amino acid, Cys, in broilers from Day 0 through 21. Free and protein-bound GSH concentrations in plasma (Table 2 ) are expressed as actual values (Columns A and D) and as a percentage of total GSH following DTT (Columns E and F). Plasma free GSH levels (Column A) increased between Day 0 and 7, then reached a plateau after 14 d (Table 2) . Unlike mammals (Larsson et al., 1983) , GSSG levels (Column B) in plasma were below the detection limits at all time points. The DTT treatment raised GSH (Column C) on Day 3 and 7, but there were no differences in GSH with or without DTT treatment on Day 0, 14, and 21. Protein bound GSH increased between Day 0 and 7, then declined to values that were not different from Day 0. The percentage free GSH (Column E) decreased from hatch to Day 7, then increased to approximately 90% on Day 14 and 21. Changes in protein-bound GSH (Column F) were reciprocal to that of free GSH.
Ninety percent of GSH in mammalian plasma depends on GSH efflux across the hepatic sinusoidal membrane, and normally is a good indicator of hepatic intracellular status (Lauterburg et al., 1984) . Ookhtens et al. (1985 Ookhtens et al. ( , 1988 , have shown that GSH efflux from hepatocytes is both concentration-driven and a carriermediated. As the age-related increase in plasma free GSH (Table 2 ) corresponded to previous observations of age-related increases in hepatic GSH (Wang, 1997) , the increased plasma free GSH levels from hatch to Day 14 is likely due to increased GSH export out of liver into plasma circulation.
Oxidized glutathione is a biologically important disulfide in mammalian cells and extracellular fluid, i.e., plasma, bile (Clare et al., 1984) . The main sources of GSSG are either from spontaneous nonenzymatic thioldisulfide exchange or enzymatically catalyzed by GSH peroxidase reactions. Normally, GSH reductase keeps plasma GSSG low (0.3 to 1.8 mM) as compared to 10 to 20 mM plasma GSH (Adams et al., 1983; Lash and Jones, 1985) . When cellular GSSG levels increase during oxidative stress, GSSG is exported into extracellular fluid to avoid thiol toxicity (Adams et al., 1983) . Therefore, the GSSG:GSH ratio is often used as an indicator of oxidative stress in mammals (McCoy et al., 1988) . In agreement with a recent study , plasma GSSG levels in broilers were below the level of detection even with sensitive fluorescent detection. Thus, it appears that the GSSG:GSH ratio can not be used as an index of oxidative stress, at least in the plasma of young broilers.
A major route of GSSG clearance from plasma is by biliary excretion followed by degradation as the canalicular membrane has relatively high g-glutamyl transpeptidase activity (Akerboom et al., 1982) . Thus, if canalicular g-glutamyl transpeptidase activity is high in the bile duct of broilers, this could possibly explain the low circulating plasma GSSG in broilers. Another mechanism to explain nondetectable GSSG levels in broiler plasma would be from relatively high GSH reductase activity, the enzyme responsible for reduction of GSSG to GSH (Meister, 1984) . Dithiothreitol can efficiently reduce protein mixed disulfides and has been used to study protein sulfhydryl and thiol-disulfide exchange reactions (Bellomo et al., 1987) . A significant amount of protein-bound GSH was released by DTT treatment in broiler plasma during the 1st wk, whereas very little protein-bound GSH was observed on Days 14 and 21 and GSH was present mainly (∼90%) in a free acid-soluble form on Days 14 and 21. These results concur with previous reports indicating free GSH to be the predominant form in plasma (Wendel and Cikryt, 1980; Kaplowitz, 1981; Mansoor et al., 1992a,b) . The reason for the marked switch from a 40 to 68% of GSH being bound to protein during the 1st wk to less than 12% on Days 14 and 21 is unclear, but could result from a switch from nutrition derived from yolk to ingestion of feed substances.
Erythrocyte GSH protects hemoglobin during oxygenation and deoxygenation, helps maintain membrane integrity against toxic insults (Eaton et al., 1989; Thomas et al., 1990; Fazi et al., 1992) , and prevents erythrocyte deformability during oxidative stress (Kurata et al., 1994) . Red blood cell GSH levels increased nearly twofold from 0.87 ± 0.12 mmol/mL on Day 3 to 1.52 ± 0.15 mmol/mL on Day 21 (Figure 1 ). There may be a relationship between plasma and erythrocyte GSH, as correlation analysis revealed that red blood cell GSH was positively correlated (r 2 = 0.67, P < 0.001) with free plasma GSH levels, and negatively correlated (r 2 = -0.74, P < 0.001) with protein bound plasma GSH.
In contrast to the age-related increase in free GSH, free Cys did not change with age except for a transient elevation on Day 7 (Table 3) . Free Cyss (Column B) levels, however, increased nearly 10-fold between Days 0 and 7. The increase in Cys following DTT treatment would be due to 1) chemical reduction of Cyss to Cys, 2) the release of Cyss from proteins followed by chemical reduction to Cys, and 3) the release of protein-bound Cys. Total Cys levels (Column C) increased between 0 and 7 d, but then declined on Days 14 and 21. No Cyss (Column D) was observed following the DTT treatment of plasma. Protein-bound Cys (Column E) increased threefold from Days 0 to 7, and remained elevated for the rest of the experiment. The percentage free Cys pools (Column F) accounted for approximately 20% of total Cys during the 1st wk (Days 0 to 7), but decreased to 8 to 10% on Days 14 and 21. The percentage free Cyss pool (Column G) increased from an initial value of 24 to 45% on Day 21 with an abrupt increase occurring between Days 3 and 7. The protein-bound Cys pool (Column H) decreased from 55% on Days 0 and 3 to 44% on Day 21 with the lowest values of 36% occurring on Day 7. The ratio of plasma free Cyss:total Cys values increased between Days 0 and 14 ( Figure 2) .
As the increase in Cys following DTT treatment (Table 3) was greater than could be accounted for by reduction of free Cyss alone, the remaining amount would likely originate from the release of Cys or Cyss (followed by chemical reduction) from proteins. The remaining protein-bound Cys therefore accounted for a greater percentage of total Cys than either free Cys or free Cyss pools, which concurs with previous reports (Malloy et al., 1981; Chawla et al., 1984; Cotgreave and Moldeus, 1986; Wiley et al., 1988; Mansoor et al., 1992a,b) . The protein-bound Cys percentage in broiler plasma was much greater than the 23% reported by Lash and Jones (1985) , but lower than 70% reported by Mansoor et al. (1992a,b) . The large proportion of proteinbound Cys may suggest a potential Cys reservoir in the circulation to meet the metabolic requirements during rapid growth of broilers, as well as other important functions, such as peptide hormone activity, immunoglobulins, or plasma membrane-bound receptors (Mukherjee and Mukherjee, 1981) .
The Cyss:total Cys ratio in broilers (Figure 2 ) was much lower than the 14:1 ratio observed in rats by Lash and Jones (1985) . The Cyss:total Cys ratio decreased between 0 and 21 d. The thiol-disulfide ratios could be important in influencing free and protein bound pools of GSH in plasma as Lash and Jones (1985) have shown that Cys is seven-to ninefold higher than GSH, indicating a more rapid equilibration of Cys with plasma thiols and disulfides than GSH. (nmol/mL) of cysteine (Cys) (A), cystine (Cyss) (B), total cysteine (tCys) (C), total cystine (tCyss) (D) , protein bound cysteine (E), percent free cysteine (F) and cystine (G), and percent protein bound cysteine (H) in plasma after 0 or 5 mM dithiothreitol (DTT) reduction treatments in broilers during the fast growth period (0 to 21 d) 1 a-d Means within the same column with no common superscript differ significantly (P < 0.05). 1 Each value represents the mean ± SEM (n = 4).
*Means of the same variable at 5 mM DTT treatments differ significantly from 0 mM treatment means (P < 0.05). FIGURE 2. Changes in plasma cystine to total cysteine ratio (Cyss: tCys) during the fast growth period (0 to 21 d). Each value represents the mean ± SE (n = 4). Means between days with no common letters differ significantly (P < 0.05).
In summary, results of this study document agerelated changes of plasma free and protein-bound GSH, Cyss, and Cys pools in broilers during the rapid growth period. These large reservoir of free GSH pools, free Cyss pools, and protein-bound Cys pools in plasma circulation environment may play critical roles in redox balance, enzyme regulation, and integrity of membrane transport proteins, as well as in detoxification during the fast growth period in broilers. The physiological significance of our findings remains to be explored in depth with respect to the relationships of hepatic and interorgan circulation of plasma GSH and associated sulfhydryls with age in broilers.
